femoral plaques indicated that also these traits were mainly under genetic control. No effect of common environment was found on plaques composition, and variability of this trait was explained by genetics (64%) and unique environment (36%). Covariation between the liabilities to carotid and femoral plaques was mainly attributed to shared genes (77%), with the remaining 23% explained by individualspecific environmental factors shared by the two districts. Inter-individual differences in plaque onset as well as in their number, sidedness and composition are mainly genetic in origin. The results on the cooccurrence of carotid and femoral plaque underline the genetic role in atherogenesis.
Introduction
In Europe, around 17 million subjects are affected by peripheral artery disease, accounting for 20% of patients aged over 65 years [1] . Increased femoral intima-media thickness (IMT) has been associated with carotid and coronary atherosclerosis [2, 3] , and has been identified as an independent predictor of coronary artery disease (CAD) among patients who underwent coronary angiography [4] . In addition, increased femoral IMT and femoral plaques were found to predict the risk of revascularization in patient population with stable angina pectoris [5] . Based on these data and thanks to the evidence for a correlation with subclinical atherosclerosis [6, 7] , femoral IMT has been proposed as a tool to stratify the general cardiovascular risk [3] . Furthermore, few studies investigated femoral plaque occurrence, and found it to be an independent predictor of cardiovascular events in middle-aged men during 10 years follow-up [8] and to be associated with an increased prevalence of ischemic heart disease [9] .
However, the role of heritable effects influencing its generation and progression is still unclear. While the heritability of carotid plaques has been already evaluated [10] [11] [12] , genetic contributions to femoral atherosclerosis have not been exhaustively discussed in the literature. Recently, our study group demonstrated that, in a healthy population, plaque prevalence was significantly higher in the common femoral artery compared to the common carotid artery [7] . In this scenario, further studies focusing on the heritability of femoral plaques are needed, and twin studies can greatly contribute to our understanding on biological pathways of this disease and related traits.
The first aim of this study was to disentangle genetic and environmental influences on the development of atherosclerotic femoral plaques using a population-based sample of adult twins. Our second aim was to assess for the first time if and to what extent shared genetic and environmental factors contribute to the co-occurrence of femoral and carotid plaques.
Methods

Study population
This study is part of a larger International twin study designed to investigate atherosclerotic traits on a sample of Italian and Hungarian twins. Details of the study are described elsewhere [13, 14] . The present study received local Institutional Review Board approval. The sample included 566 twins belonging to 164 monozygotic (MZ) and 119 dizygotic (DZ) twin pairs. Sixty-four percent of the subjects were recruited in Italy and 36% in Hungary. Italian twins, previously enrolled in the Italian Twin Registry [15] and resident in Rome, Padua, Perugia and Terni or their surroundings, were contacted in 2014 and were invited to participate in the study. Participating subjects were then investigated at the local university hospital. Hungarian twins were recruited through the Hungarian Twin Registry between 2013 and 2014, and were contacted via telephone and e-mail, or during twin festivals [16] . Written informed consent to participate in the research was obtained from each subject prior to entering the study.
Exclusion criteria were: twins less than 18 years old, pregnant women and subjects affected by diseases possibly interfering with the measurements required by the study protocol (e.g. previous carotid or femoral artery surgery, endovascular recanalization or stenting).
Twin zygosity was assessed through a questionnaire on physical similarity during childhood, which has been shown to be around 95% accurate [17] . Written informed consent to participate in the research was obtained from each subject prior to entering the study.
Measurements
The entire measurement protocol was standardized among the 4 recruitment centers to avoid any potential bias due to inter-center variability. The same sonographers performed the measurements in both members of the twins in Perugia, Terni, Padua and Hungary, whereas another sonographer performed the same protocol in Rome after careful training by ADT and DLT.
General risk factors assessment
Systolic blood pressure and diastolic blood pressure, mean arterial pressure (MAP), and heart rate were measured by TensioMed Arteriograph (Medexpert Ltd, Budapest, Hungary) on the dominant arm, with the participant lying in supine position after 10 min of rest [18] . Height and weight were measured by OMRON BF500 device to calculate body mass index (BMI; kg/m 2 ). Relevant medical history was self-reported by the participants and information on pharmacological treatment was based on prescriptions recently dispensed. Participants were asked to fill in several extended questionnaires regarding sociodemographic characteristics and personal habits (smoking and physical activity).
Carotid and femoral arteries ultrasound protocol
All participants underwent peripheral arterial assessment by B-mode ultrasound using state-of-the-art commercially available high-resolution color-coded duplex sonography scanners (Esaote MyLab70, Rome, Italy; Sonoscape S8, Perugia, Italy; Toshiba Aplio XG, Padua, Italy; Esaote MyLab60, Terni, Italy; Esaote Technos MPX, Biosound Esaote, Indianapolis, USA; Philips iU22 in Hungary), with high-frequency (12 MHz) linear probes.
The following vascular sites were examined in all participants:
• supra-aortic vessels: carotid arteries were examined bilaterally in both axial and transversal planes from the supraclavicular fossa to the submandibular angle, including common carotid artery (CCA), carotid bulb, and origin of both internal and external carotid arteries (ICA and ECA).
• femoral district: the common femoral arteries (CFAs) were examined bilaterally, from their point of entry into the Scarpa triangle up to the bifurcation in superficial and deep femoral arteries (SFA and DFA). The SFA was then examined from its origin up to its point of entry into the Hunter canal, where it deepens and consequently IMT thickening or plaque identification and characterization are impaired.
Intima-media thickness and plaque were defined according to the Mannheim consensus [19] . In particular, atherosclerotic plaque was defined as an endoluminal protrusion of at least 1.5 mm or a > 50% focal thickening of the IMT relative to the adjacent wall segment [20] . Plaque presence on both transverse and longitudinal planes were recorded in each segment. Moreover, all observed plaques were classified according to their morphological characteristics/compositions [21] as:
• calcified, if the plaque presented as hyperechogenic with echogenic shadow in its entire extension; • fibrolipid (soft), if the plaque presented a hypoechogenic appearance in its entire extension; and • mixed, a combination of the previous two types.
Moreover, total number of plaques detected in all districts on both sides as well as presence of unilateral or bilateral femoral plaques were recorded.
Statistical analysis
A descriptive analysis of the study variables and the comparisons (cluster-adjusted Chi square and t-tests) between MZ and DZ twins were performed using STATA software [StataCorp. 2009. Stata Statistical Software: Release 11. College Station, TX: StataCorp LP]. Data on intima-media thickness were collected but not included in the analysis, since they have been already evaluated in our previous study [7] . Presence of plaque on femoral or carotid artery was defined as the existence of at least a plaque in one of the segments examined bilaterally. The occurrence and composition of plaques were analyzed as dichotomous variables [occurrence: (i) absence, (ii) presence of plaques; composition: (i) absence of plaques or presence of calcified plaques, (ii) presence of fibro-lipid or mixed plaques], and prevalence of these conditions were estimated. Sidedness and number of femoral plaques were analyzed as categorical variables (sidedness: (i) no plaques, (ii) unilateral, (iii) bilateral; number: 0/1/2/≥ 3 plaques).
Tetrachoric and polychoric twin correlations by zygosity were estimated with Mx Software [22] using liabilitythreshold [23] saturated models for the observed categorical variables and incorporating age and country of residence (Italy vs. Hungary) as covariates. These correlations were interpreted under the assumptions of the twin design; more precisely, given that DZ twins share on average only 50% of their segregating genes while MZ twins are almost genetically identical, and assuming that environmental factors are shared by co-twins to the same extent regardless of zygosity, a higher correlation in MZ than in DZ pairs suggests genetic effects on the trait under study [23] .
Liability-threshold structural equation modeling, adjusted by age and country of residence, was performed to decompose the phenotypic variance of each considered variable into contributions due to additive genetic (A), common environmental (C) and unique environmental (E) effects. Additive genetic component represents the overall effect of genes at multiple loci or multiple alleles at one locus. Common environmental component measures the contribution of exposures that are shared by co-twins, especially during infancy and early childhood within the family, and possibly also in utero. Unique environmental component estimates the effect of exposures that are specific to each twin individual (e.g. smoking habits, diet, attitude to physical activity, BMI, hyperlipidemia, hypertension, diabetes) and also includes measurement error.
Furthermore, phenotypic correlation between the development of a plaque in carotid and femoral arteries was estimated. Because a significant correlation was found between the occurrence of plaques in the two districts, a bivariate Cholesky decomposition [23] was applied to assess the contribution of shared genetic and environmental factors to the observed correlation.
Full and reduced models were fitted to the data to obtain the most parsimonious model. The full model was rejected when one parameter (A, C or E) could be dropped without significant loss of fit. Each reduced model (AE, CE, E) was compared to the full model (ACE) using the Chi square difference test and Akaike's Information Criterion (AIC): the model with the lowest AIC value was considered as the best model.
Univariate structural equation models for dichotomous variables were fitted using maximum likelihood estimation procedure with raw data as input in Mx Software. Univariate structural equation models for categorical variables with more than two categories, as well as bivariate (Cholesky) model for dichotomous variables were fitted to probit-adjusted tetrachoric or polychoric correlations using asymptotic weighted least square method [23] .
Results
Statistical analysis was conducted on 283 complete pairs. Mean age was 52.6 years (standard deviation = 14, range 20-78) and almost 37% of the twins were male. Clinical characteristics both of the total sample and stratified by zygosity and country are reported in Table 1 and Fig. 1 . MZ and DZ twins did not differ significantly by gender, age, BMI and blood pressure, or in the frequency of plaque number and characteristics. Prevalence of twins with at least a plaque in femoral arteries was 35.0%, with 19.1% of the sample showing more than 2 plaques. Unilateral and bilateral localization of the lesions showed exactly the same prevalence (17.5%), and nearly 25% of the plaques had a fibro-lipid or mixed composition. Tetrachoric and polychoric correlations were higher in MZ twins compared to DZ twins for all the four traits considered (femoral plaque presence, side, number and composition), suggesting a genetic role in the liability to plaques development. Correlation magnitudes ranged from 0.65 to 0.71 in MZ pairs, and from 0.21 to 0.44 in DZ pairs ( Table 2) .
The results of univariate genetic models are shown in Table 3 . Under the full model, about 50% of the variance in liability to femoral plaques onset is due to genetic factors and the remaining 50% is explained by common (15%) and unique (35%) environmental factors. The contribution of common environment on goodness of fit was negligible and therefore was set to zero (reduced model vs. full model, P = 0.65). Consequently, the genetic and environmental contributions, under the best (AE) model, were 0.67 and 0.33 respectively. Findings on sidedness (unilateral or bilateral) and total number of femoral plaques indicated that these traits were mainly under genetic control (A = 0.72), whereas environmental influences not shared by twins accounted for 28% of the total phenotypic variance. The effect of common environment, emerging from the full model (C = 0.14 for sidedness, C = 0.17 for total number), was not significant and therefore was removed in the best model (reduced model vs. full model: P = 0.35 for sidedness, P = 0.44 for total number). No effect of common environment was found on femoral plaques composition (C = 0 even in the full model), and variability of this trait was explained by genetics (0.64) and unique environment (0.36) (Fig. 2) .
Finally, the heritability of carotid plaque onset, as estimated under the best model (Table 3) , was 52% (95% CI 26-73%), whereas unique environmental contribution was 48% (95% CI 27-74%).
About one-third of the sample developed a plaque in carotid or femoral artery (Table 1) , while 22.5% of the examined twins had plaques in both districts. This corresponded to a substantial phenotypic correlation between the two traits (0.42), which pointed to shared etiological factors operating in the two districts. Table 4 shows the results of bivariate Cholesky model fitting. Under the best model, the covariation between the liabilities to carotid and femoral plaques was mainly attributed to shared genes (77%), with the remaining 23% explained by individual-specific environmental factors shared by the two districts. The role of common environmental factors in the covariance between carotid and femoral plaques was not significant, although initially suggested in the full model (C = 36%) ( Table 4) .
Discussion
Femoral atherosclerosis is a common finding, observed in about 20% of patients aged over 65 years. Despite this high prevalence, there are no large studies evaluating the inheritance of this condition, and in particular there are no twin studies, which have the potential to exactly estimate the influence of the genetic and the environmental factors (shared and not shared) involved in disease pathogenesis. To our knowledge, while the heritability of carotid plaques has been already evaluated [10] [11] [12] , only a few genetic family studies dealing with the heritability of peripheral artery disease have been performed [24] [25] [26] . To date, our complete understanding of vascular biology of atherosclerosis remains elusive. Its heterogeneity both in terms of location in the arterial tree (with predilection for certain areas in some patients) and time (with a indolent course in most but with a variable "incubation period"), and also why it leads to narrowing disease in some vessels and remodeling with ectasia in others still puzzles the medical community. Understanding the genetic determinants atherogenesis will allow to assess the individual's lifetime risk for cardiovascular disease and help to institute appropriate (early) counseling (and potentially in the future the so called primordial prevention). The main aim of this study was to evaluate genetic and environmental influences on the development of atherosclerotic femoral plaques using a sample of adult twins.
The results of our study show a higher correlation of all the analyzed traits (presence of the plaques, their number, sidedness and composition) in MZ twins compared to DZ twins, thus confirming a significant genetic component in the development of femoral atherosclerosis. Moreover, the results of univariate genetic models show, on one hand, that all four examined traits are highly heritable, and, on the other hand, that the role of individual-specific environmental exposures-such as smoking habits, diet and attitude to physical activity-is modest but not negligible. As detected for other atherosclerotic traits [13] , common environmental factors showed the lowest contribution to total phenotypic variance, suggesting that the factors shared by the twins in utero or within the family during childhood are probably not relevant in explaining inter-individual differences in the traits. According to these results, we can affirm that environmental factors play a crucial role in plaque formation; moreover, they represent the modifiable variable in the pathogenesis of atherosclerosis, and they are likely necessary for the disease to appear in subjects who have, or do not have, a genetic predisposition. Therefore, these individual-specific environmental factors (such as BMI, smoking status, hyperlipidemia, hypertension, diabetes) [27, 28] are at least as important as the genetic contribution, and their management remains the key to prevent the development and control the incidence of this pathologic condition, expecially in those subjects in whom the plaque composition (either mixed or lipidic) could benefit from prompt pharmacologic treatment.
Lastly, the results of bivariate modeling revealed that even the co-occurrence of femoral and carotid plaques was attributable mainly to genetic factors and, to a lower extent, also to non-shared environmental factors. These results seem to suggest that genetic factors, rather than other factors shared by twins (such as constitutional or local factors, e.g. vessels' angulation) [29] , are involved in the occurrence of atherosclerotic plaques and probably in the atherogenic process itself. However, it cannot be excluded that specific genetic or environmental risk factors could affect different vascular territories.
In this regard, several studies with different methodologies have been performed to investigate the various genes expression in patients with both subclinical and advanced femoral atherosclerosis. Upregulated genes mediate immune response, inflammation, apoptosis, stress response, phosphorylation, hemostasis, platelet activation and platelet aggregation have been demonstrated [30] [31] [32] [33] [34] . Croner et al. [35] reported that most of overexpressed genes on proximal femoral artery specimens in peripheral artery disease patients were located in cytoplasm, membrane and nucleus having binding activity to nucleotides, cytoskeletal proteins, and transcription factors which genes were mainly involved in immune regulation. Whereas Oksala et al. [36] identified, with the same study design, how Kindlins-3 (FERMT-3)-cytoplasmic proteins required for integrin activation, leukocyte transmigration, platelet aggregation and thrombosis-is upregulated in atherosclerotic unstable plaques, and therefore could serve as a potential target for the design of therapeutics aimed at specifically disrupting integrin activation in platelets. There appears to be a much stronger genetic component that predisposes patients to plaques in both territories, and moderate effect individual-specific environmental factors (and even less common environmental factors). There is emerging evidence of for instance the cardiovascular complications in adults of excess weight in children [37] . Obesity-related cardiovascular disease and damage in children is related to an increased risk of cardiovascular morbidity and mortality in adulthood [38] . As some researchers argue that the persistence of obesity into adulthood is the relevant aspect and that BMI in adulthood is more important factor, we assume that obesity itself might have a smaller role in the development of femoral atherosclerosis and in its relationship with carotid atherogenesis. The clinical implications of the present results fit into the conventional primary and secondary preventive strategies, by confirming the latest evidences, since detection of subclinical atherosclerosis has an emerging role in the personalized medicine. There is an evidence that the presence of carotid and femoral plaques are both associated with future cardiovascular events, independently of risk factors and show a strong association with coronary heart disease and stroke [39] . Accordingly, screening for femoral plaques beyond carotid ones may be an appealing strategy for improving cardiovascular risk scales and predicting the cardiovascular risk [40] . Our findings might underline the role of including subclinical atherosclerotic plaques in the guidelines on cardiovascular risk assessment (and the assessment of individual's lifetime risk for cardiovascular disease-primordial prevention with for instance life-long exercise and dietary habits and, as the patient ages, tailored preventive strategies) due to its common genetic background. The present study has some limitations. First of all, it was carried out in samples from different countries (then with different prevalence of hypertension, hypercholesterolemia, genetic background and other risk factors). A stratified analysis should have been performed to test the heterogeneity of genetic and environmental influences by country, but this analysis was not possible due to the limited sample size. However, adjusting the analyses for country has minimized the effects of samples heterogeneity. Lastly, no analysis on inter-observer variability among the sonographers was performed; however, a rigid examination protocol was initially established and specific training was performed for all the sonographers involved in the study. Preventive interventions or treatments might have influenced the findings by biasing our results. In particular, the effect of these factors would be an increase of the non shared environmental component and a decrease of the genetic component.
In conclusion, our study underlines the contribution of genetic factors in femoral atherosclerosis; inter-individual differences in the presence of plaques as well as in their number, sidedness and composition seem to be mainly genetic in origin. At the same time, our results demonstrate the importance of individual-specific environmental factors, which represent the modifiable component of the atherogenic process, thus advocating for further research to lay out prevention strategies especially based on these factors. Lastly, the results on the co-occurrence of carotid and femoral plaque underline for the first time the common genetic 
